1. 71 dhrmes niay he invoked for the sake of separating the diffcrcnt u w r 11 the BS on a pcr-subcmer b x t s . :\mong ther: s-hemes. the 31L detection amngemcnr uas iound to gite the k s t perfurmince. 31-though this U 1s achiesed 31 the cost of a drm"icil1y inzreawd comAcknowledgements: The work reponed in this paper has farmed pal of the (relevant work area) area of the (Core 2, or 1. or 3, or Elective Title, as appropiate) Resexch In this contribution, we combine the above-mentioned various Coded Modulation (CM) schemes with an MMSE-MUD assisted SDMA-OFDM system. in which WHT-based subcanier spreading is used. The suuchue of this paper is as follows. The SDMA MIMO channe1 model is described in Section 2.1, while the overview of the CMassisted MMSE-SDMA-WHTS-OFDM system is given in Section 2.2, where the hasic principles of CM, MMSE-based MUD and WHTbased spreading (WHTS) are also introduced. Our simulation results a e provided in Section 3, while our conclusions are summarized in Section 4. Figure I shows an SDMA uplink MIMO channel model, where each of the L simultaneous mobile users employs a single transmit antenna, while the BS's receiver exploits P antennas. At the kth subcanier of the nth OFDM symbol received by the P-element BS antenna m a y we have the complex received signal vector x [ n , k], which is constituted by the superposition of the independently faded signals associated with the L mobile users and contaminated by the Additive White Gaussian Noise (AWGN). expressed as: 
SYSTEM MODEL

SDMA MDlO Channel Model
where H(') ( I = 1 . . . L) is the vector of the FD-CHTFs associated with the transmission paths from the leh user's transmit antenna to each element of the P-element receiver antenna array, which is expressed
In Equations 1 to 6, we assume that the complex signal , ( ' I transmitted by the lih user has zero-mean and a variance of $. The AWGN noise signal np also exhibits a zero-mean and a variance of ai. The FD-CHTFs H$) of the different receivers or users are independent. stationary, complex Gaussian distributed processes with zero-mean and unit variance [8].
CM-assisted MMSE-SDMA-WHTS-OFDM
In Section 2.1 we have briefly reviewed the SDMA MlMO channel model, as shown in Figure 1 . In Figure 2 . we present the schematic of the proposed CM-assisted and MMSE multi-user detected SDMA-OFDM uplink system employing WHT spreading. At the transmitter end, as seen at the top of Figure 2 . the information hit sequences of the geographically separated L simultaneous mobile users m forwarded to the CM 191 encoders, where they are encoded into symbols. The encoded signals s(') (I = 1 . . . L) are then forwarded to the subcarrier-based WHT sureader 111, followed by the OFDM-related 
SIMULATION RESULTS
In this section, we characterize the performance of the proposed CMassisted MMSE-SDMA-OFDM schemes in conjunction with WHTS. The channel is assumed to be OFDM symbol-invariant, implying that the taps of the impulse response are assumed to be constant for the duration of one OFDM symbol, but they are faded at the beginning of each symbol [I] . The simulation results were obtained using a 4QAM scheme communicating over the 3-path Short Wireless Asynchronous Transfer Mode (SWATM) CIR given on page 78 of [I] , and the 12-path COST207 [I41 Hilly Terrain (HT) CIR shown on page 388 of [91, assuming that the channels' transfer functions are perfectly known. Each of the paths experiences independent Rayleigh fading having the same normalized Doppler frequencies of f: = 1.235 x and f; = 1.0 x for the SWATM and COST207 HT channels, respectively. The specified channel parameters are given in Table 1 . 
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For the various CM schemes used, we select the parameters so that all schemes have the same effective throughput and the same number of decoding states, hence have a similar decoding complexity. More specifically, the code memory U is fixed to 6 for the noniterative TCM and BICM schemes. so that the number of decoding states becomes S = 2" = 64. For the iterative T K M and BICM-ID schemes, however, U is fixed to 3. while the number of iterations for these schemes is set to 4 and 8, respectively. Hence the number of total trellis states is spectively. As expected, the WHTS-assisted schemes perform bener than their non-spread counterparts. both for one and two users. This suggests that the system's average BER performance can be improved by using WHTS. since the bursty subcanier errors can be effectively spread across the subcmiers within the entire WHT block. which improves the CM decoder's achievable performance.
CM-assisted MMSE-SDMA-OFDM using WHTS
In Section 3.1 the beneficial effects of WHTS on the MMSE-SDMA-OFDM system's performance have been demonstrated. Let us now combine the various C M schemes considered with the WHTS-aided MMSE-SDMA-OFDM system.
Two Receiver Anrenna Elemenrs
The BER performance of the CM-WHTS-MMSE-SDMA-OFDM system is portrayed in Figure 4 COST207 HT channels, respectively, while the left and right hand sides show the performance attained by the CM-MMSE-SDMA-OFDM system without and with the aid of WHTS, respectively. It transpires from the bonom of Figure 4 that the four CM-aided schemes communicating over the COST207 HT channel attain a different performance. This observation is in contrast to what was noted at the top of the Figure 4 , where the performance of the various CM-aided schemes communicating over the SWATM channel was more similar. The reason for this phenomenon is that the amplitude variation of the FDCHTFs becomes both mor? frequent and more dramatic, when the channel exhibits a longer path delay [91. as seen in Table 1 . This characteristic will result in less burstily distributed corrupted subcarrier symbols, which hence can be more readily corrected by the channel codes, for example one of the four CM schemes. More specifically, the more prolonged error bursts imposed by the SWATM channel often overload the error correction capability of the CM schemes, regardless of which of the four CM schemes is used, since owing to the preponderance of transmission errors their uellis decoder often opts for choosing the wrong uellis path. Therefore. this phenomenon results in a similar performance for the various CM-aided schemes, when communicating over the SWATM channel. as seen in the top of Figure 4 . By contrast, in the context of the COST207 HT channel such prolonged error bursts are unlikely to occur, since the faded subcarriers result in more frequent but less prolonged error bursts, which are reminiscent of the error distributions experienced in AWGN channels and therefore may have a higher chance of being corrected by the CM decoders used at the receiver. Hence, the different error-correcting capability of the various CM schemes becomes more explicit, as revealed nt the bottom of Figure 4 .
On the other hand, it was found that the 'ITCM-aided scheme constitutes the best design option in terms of the BER performance, attaining an extra coding gain ranging from 2dB to 4dB over the other three CM-aided schemes at the BER of without the assistance of WHTS, while communicating over the COST207 HT channel. Furthermore, when WHTS is incorporated into the CM-MMSE-SDMAOFDId system in the context of the COST207 HT channel, as seen at the bottom of Figure 4 , a further useful Eb/No gain is achieved by most of the four schemes, especially by the TCM-aided mangement. However. in the scenario where the SWATM channel was employed. the additional Es/hb gain achieved by spreading in the context of the various CM-and WHTS-assisted schemes was rather modest. This result may suggest that in highly dispersive environments.
such as that characterized by the 12-path COST207 HT channel. the channel-coded SDMA-OFDM system's performance may be further improved by employing WHTS. This spreading-induced Eb/No gain was achieved, because the deoimental effects imposed on the system's average BER performance by the deeply-faded subcaniers has been spread over the entire WHT block, and these randomized or dispersed channel errors may be more readily corrected by the CM decoder.
Four Receiver Antenna Elemerifs
Here we define the user load of an L-user and P-receiver SDMA-OFDM system as:
which assumes a value of unity in case of full user load, when the number of users is equal to the number of receiver antenna elements. The left hand side of Figure 5 shows the Ea/No crossing points of the various CM-WHTS-MMSE-SDMA-OFDM schemes at the BER of It is shown explicitly that the performance gap between the different CM-aided schemes increases as the user load increases. Furthermore. from Figure 5 we see that the TTCM-aided scheme performs best in high user-load scenarios. namely for asoml 2 0.5. In other words, the other three CM schemes, namely the TCM, BICM and BICM-ID arrangements will suffer a higher performance degradation than 'ITCM. when the MUD'S user-separation capability erodes owing to the increased multi-user interference. Additionally, at the right hand side of Figure 5 we compare the total gain achieved by the four different CM-aided schemes, which includes both the coding gain and the spreading-induced Eb/No gain. As the figure indicates, the 7TCM-aided scheme achieved a further Eb/% gain of 3.76dB. 2.38dB and 2.61dB over the TCM. BICM and BICM-ID aided schemes in the fully-loaded scenario, respectively. At a relatively low user load, namely for 5 0.5, the various schemes provide a similar performance. because most of the attainable gain in the four-receiver SDMA-OFDM system has already been achieved.
As shown in Figure 5 , for each of the schemes evaluated. we may notice that the performance achieved in the context of a lower user load, is better than that attained, when we have a higher user load.
This phenomenon may he explained as follows. Since P receiver antenna elements are invoked at the BS, there are P uplink paths for each MS user having one transmit antenna. Hence the achievable space-diversity order provided by the P paths remains the same for each user, regardless of the total number of simultaneous users. However, when the user Load is lower, i.e. the number'of users supported is lower, the MMSE combiner will benefit from a higher degree of freedom in terms of the choice of the array weights optimized for differentiating the different users' transmitted signal, and thus the system becomes more efficient in terms of suppressing the detrimental fading channel effects. In order to show the effects imposed by different-length WHTS schemes, as an example, we provide simulation results generated in the context of different WHT block sizes in the TKM-aided scenar-07803-8255-2/04/$2O.OO ios, as plotted at the left hand side of Figure 6 . As expected, the system's average BER performance was improved upon increasing the WHT block size, since the signals canied by the subcaniers that were gravely affected by deep channel fades were spread over a larger set of subcaniers. In this situation the frequency-domain fading of a subcanier would obliterate a single WHT chip of a sequence conveying a modulated symbol rather than the subcanier's symbol itself, wbicb may be expected to mitigate the detrimental channel effects and thus assists the receiver in achieving a better performance. Furthermore, we may notice that the spreading-induced EbINo gains achieved by the TTCM-aided scheme when using a larger WHT block size are modest. This suggests that in the TTCM-aided SDMA-OFDM system, most of the achievable diversity gain has been attained by the time-diversity of the T K M scheme. However, as observed at the bottom of Figure 4 where the performance of the various CM-aided schemes communicating over the COST207 HT channel were compared, the other three CM-aided schemes. for example the TCM-aided arrangement, may be capable of achieving a higher spreading-induced gain than the TTCM-assisted scheme, when invoking WHTS. Therefore, owing to their lower time-diversity and relatively more modest unspread performance, a potentially higher spreading-induced EalNo gain may be achieved by combining WHTS with the TCM, BlCM and BICM-ID assisted schemes than in conjunction with the TKM-aided arrangement, when a larger WHT block size is used.
Effect of the WHTBlock Size and Doppler Frequency
In our further investigations we have generated the BER versus Eb/No c w e s of the TTCM-and WHTS-assisted MMSE-SDMA-OFDM system communicating over the COST207 HT channel, when the maximum Doppler frequency was varied over a range of different values. Again, the CIR of the 12-path COST207 HT channel shown on page 388 of [91 was used. At the right band side of Figure 6 , we show the Ea/No crossing point at BER=10-' versus the maximum Doppler frequency for the WHTS-assisted MMSE-SDMA-OFDM system both with and without the aid of TTCM, where two receivers were used for supporting two users. We conclude from the near-horizontal curves shown in the figure that the maximum Doppler frequency does not significantly affect the performance of the WHTSassisted MMSE-SDMA-OFDM system, regardless of the employment of TTCM. This is a highly desirable benefit of the error-randomizing effect of WHTS, resulting in a high robustness against the variation of the mobile speed. Moreover, as expected, the performance of the TTCM-aided scheme was consistently better, than that of the scheme using no channel ccding, as evidenced by the right hand side illustration of Figure 6 .
CONCLUSIONS
From the investigations conducted, we conclude that the various CM schemes, namely TCM, TICM, BICM~and BICM-ID are capable of substantially improving the achievable performance of SDMA-OFDM systems. The employment of WHTS has the potential of further enhancing the system's performance in highly dispersive propagation environments. As a result, the TTCM-and WHTS-assisted scheme was found to be the best design option in terms of the achievable Eb/No gain expressed in dB, when communicating in highly dispersive environments, for example over the COST207 HT 191 channel, while canying a high user load of asDwp 2 0.5.
